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We argue that the recent measurement of the neutrino velocity to be higher than the velocity of
light could be due to one or more of several mechanisms: violation of Lorentz invariance, violation of
the equivalence principle in the neutrino sector, or a form of dark energy originating from neutrino
condensates. This result need not undermine special-relativistic foundational notions of causality.
We suggest different possibilities for understanding the phenomenology of neutrino oscillations, Z-
strahlung, pion decay kinematics and the consistency of this result with supernova 1987A data.
Introduction
Lorentz invariance has been foundational in formulat-
ing both the Standard Model of particle physics and gen-
eral relativity. Remarkably precise experimental tests
have been carried out to check its validity. One gener-
ally quantifies the accuracy of such tests by adding small
Lorentz-invariance-violating terms to a conventional La-
grangian, with data from experiments subsequently used
to set upper bounds on the coefficients of these terms.
For example modifying the square of the magnetic field
relative to all other terms in the Lagrangian of quantum
electrodynamics yields a photon velocity cγ that differs
from the maximum attainable velocity of a material body
cM [1]. This perturbation breaks Lorentz invariance,
preserving rotational and translational invariance in one
frame (the preferred frame) but not in any other frame.
It is common to interpret the preferred frame as that for
which the cosmic microwave background is isotropic, in
which case small anisotropies appear in laboratory exper-
iments. High-precision spectroscopic experiments have
set a bound of |1− c2γ/c2M | < 6× 10−22 [2].
A Lorentz transformation of the coordinates for an ob-
server moving at velocity ~v yields
~p = γ m ~v ; and E = γ m c2 , (1)
for the energy and momentum of a body, where γ =
1/
√
1− v2/c2 is the Lorentz factor. The invariant mo-
mentum is defined as
p2 = pµp
µ =
(
E
c
)2
− |~p|2 = m2c2 , (2)
so that
E2 = |~p|2c2 +m2c4 . (3)
For any massive particle we thus require v < c, otherwise
the Lorentz factor γ becomes imaginary and the total en-
ergy cannot be positive definite. This contradicts the re-
cent measurement of the muon-neutrino velocity with the
OPERA detector at Gran Sasso of the CNGS νµ beam
from CERN [3]. Furthermore, it is straightforward to
show (using equation 1) that for a muon neutrino with
mass around m ∼ 1 eV and energy E ∼ 17 GeV that
(c− v)/c ∼ 10−20.
Should this result be confirmed by subsequent exper-
iments, it will require a significant revision of the Stan-
dard Model. Constructing such a revision will be a major
challenge, since any new model must be consistent with
astrophysical bounds (from SN1987A [4]) and neutrino
oscillation experiments, as well as explain the OPERA
data without undermining basic notions of cause and ef-
fect.
Violation of Lorentz Invariance
We argue here that the present measurement of the
neutrino velocity could be consistent with causality if
Lorentz invariance is violated for the interactions of the
muon neutrinos. We regard this as the most conservative
interpretation of the OPERA data in conjunction with
other experiments. It retains the essential foundations
of relativity, namely that the velocity of light (photons)
is constant and the causal structure of spacetime is pre-
served. The validity of Lorentz invariance beyond the
first generation of the Standard Model has never before
been directly tested, and so its violation is not empirically
ruled out [5–7]. Violation of Lorentz invariance (VLI) has
also been considered to evade the GZK cosmic ray cut off
and explain the ultra high energy cosmic rays [8], taking
the strong constraints [9, 10] on the parameters coming
from studies of cosmic rays into consideration. Lorentz
invariance violation has also been studied extensively in
extensions of the standard model and constraints on var-
ious model parameters have been reviewed [11].
We follow the analysis of Coleman and Glashow [9],
where they made a general construction of Lorentz non-
invariant interactions of particles, keeping the gauge in-
variance intact. We introduce a Lorentz non-invariant
interaction term for the muon neutrinos
i u†
[
D0 − i
(
1− 1
2
ǫ
)
~σ · ~D
]
u . (4)
The parameter ǫ is a measure of violation of Lorentz in-
variance. This will modify the high energy behaviour of
the muon neutrinos and modify its energy momentum
2relation. The renormalized Lorentz invariant propagator
i SF (p) =
i
(/p−m)A(p2) , (5)
for some function A(p2) normalized as A(m2) = 1, will
be modified to
i SF (p) =
i
(/p−m)A(p2) + 1
2
ǫ ~γ · ~p B(p2) , (6)
where we normalize the Lorentz non-invariant interaction
as B(m2) = 1.
The lowest order shift in the poles of the propagator
then gives
p2 = E2 − |~p|2 = m2 + ǫ|~p|2 . (7)
This implies that the Lorentz non-invariant contribution
added a shift in the momentum, which will result in a
shift in the maximum attainable velocity of the particle
from the velocity of light c (for our choice of units c = 1,
which remains the maximum attainable velocity for all
other particles except the muon neutrino) to a new value
c2νµ = (1 + ǫ)c
2 = (1 + ǫ) (8)
The energy momentum relation then becomes
E2 = |~p|2c2νµ +m2νµc4νµ . (9)
The muon neutrino mass has now shifted by a factor,
mνµ = m/(1 + ǫ), so that we still have mνµc
2
νµ = m
to be the rest mass of the muon neutrino. The Lorentz
factor will also be shifted because of this Lorentz non-
invariance, and the new Lorentz factor is given by
γνµ =
1√
1− v2/c2νµ
, (10)
so that the mass energy relation becomes
E = γνµmνµc
2
νµ = γνµm (11)
and
(cνµ − v)
cνµ
≈ m
2
2E2
, (12)
for very large v.
These modifications will now allow us to interpret the
recent measurement of the neutrino velocity v from the
OPERA detector. The present result from OPERA gives
(v − c)
c
= v − 1 = (2.48± 0.28± 0.3)× 10−5 . (13)
However, in the presence of the Lorentz invariance vi-
olating interactions, the Lorentz factor that the muon
neutrinos experience contains the factor
(cνµ − v)
cνµ
≈ m
2
2E2
≈ 10−20 . (14)
This determines the amount of violation of Lorentz in-
variance, given by
ǫ =
c2νµ
c2
− 1 =
[
(cνµ − v)
c
+
(v − c)
c
] (cνµ
c
+ 1
)
≈ 2
[
(cνµ − v)
cνµ
+ v − 1
]
(15)
Since v < cνµ , the present measurement of the muon neu-
trino velocity v (with v > c) becomes consistent with the
modified Lorentz factor and the muon neutrino remains
time-like in the same context.
Models for VLI
In a recent article it has been pointed out that the mod-
els of VLI suffer from a serious constraint coming from
the pion lifetime kinematics [13]. The amount of VLI re-
quired to explain the OPERA result is in contradiction
with present data from accelerators and cosmic rays. We
thus propose here a couple of scenarios that may give
rise to an effective VLI for muon neutrinos that does not
affect the pion lifetime. These models are based on the
fact that the effective VLI originates from an interaction
of the propagating neutrinos with the environment, so
during a pion decay there is no VLI.
In the first solution we consider the possibility that
the neutrinos interact with the background dark energy,
which gives rise to an effective VLI. We consider the sce-
narios, in which neutrinos form condensates after they
acquire masses and that explains the observed dark en-
ergy at present times [14]. This background neutrino
condensate dark energy can, in principle, affect the dy-
namics of the neutrinos, compared to other particles. For
example, a νµ with momentum p can collide with a con-
densate νa−νµ pair and bind with the νa. The liberated
νµ, located at a distance x away from its condensate part-
ner, will continue with momentum p due to momentum
conservation. As this process is repeated, the net effect is
that the νµ “hops” through the condensate at an effective
speed greater than unity, resulting in a different maxi-
mum attainable velocity for the muon neutrinos. Only
the maximum attainable velocity of the neutrinos can be
affected by this mechanism. This yields an interesting so-
lution to the OPERA result, because the velocity of the
muon neutrino becomes larger than the velocity of light
when the muon neutrinos interact with the background
dark energy. It evades constaints due to Z-strahlung ra-
diation (νµ → νµ + Z → νµ + e+ + e−) [12] since the νµ
does not actually travel faster than the speed of light as
it moves through the condensate. The strong constraints
coming from observed pion decays [13] and cosmic rays
are also not applicable, whereas these constraints can
cripple many of the conventional models of VLI.
We now turn to the second solution for an effective
VLI, which is through a violation of the equivalence prin-
ciple (VEP), considered previously as a mechanism for
3neutrino oscillations [15]. An equivalence of this type of
VEP and an effective VLI at the phenomenological level
has already been demonstrated [16], although their origin
is completely different. The violation of equivalence prin-
ciple will introduce a shift in the momentum in a constant
gravitational potential if the neutrinos couple to gravity
with a different coupling, which can be treated as equiva-
lent to a shift in the maximum attainable velocity of the
neutrinos. This mechanism satisfies the Z-strahlung con-
straints [12] because neutrinos effectively follow sublumi-
nal geodesics of a different metric than other particles due
to VEP, and so do not undergo the intense Z-strahlung
effect (see figure 1). This proposal is also unaffected by
the pion decay constraint, because the neutrino velocity
becomes large only when it propagates in a background
gravitational field.
Without going into the details of the mechanism that
gives us the violation of equivalence principle, we just as-
sume that a background gravitational potential φ changes
the metric g44 = (1+αφ), which in turn gives a correction
to the energy of the test neutrinos
E0 = p+
m2
2p
− αφp , (16)
where α could be different for different materials, in viola-
tion of the weak equivalence principle, and is a measure
of the amount of VEP. From this correction it is clear
that αφc may be considered as the change in the maxi-
mum attanable velocity of the neutrinos giving rise to an
effective VLI.
Neutrino Phenomenology
Turning to the phenomenology of our proposal, the
simplest scenario to explain neutrino oscillation data
with an effective Lorentz invariance violation (EVLI) is
to assume that all the three neutrinos have the same
maximum attainable velocity, cνe = cνµ = cντ = cν ≈
(1 + 2.5 × 10−5)c and there is no energy dependence.
These assumptions are consistent with MINOS [17], the
short baseline experiments [18], and also the present
observation at OPERA in the two energy bins of 13
GeV and 42.9 GeV, but fail to explain the supernovae
SN1987A bound [4] of |1 − cν/c| < 10−9, where ν¯e was
observed. If we further assume that the there is no EVLI
for any other particles, there are no other phenomenolog-
ical constraints. We shall now consider a few possibilities
to explain the supernovae bound along with the neutrino
oscillation constraints.
• We consider that the neutrino condensates changes
the maximum attainable velocities of all the three
neutrinos by same amount, so there is no con-
straint from neutrino oscillation experiments. How-
ever, during their propagation through intergalac-
tic medium, they experience a new source of VEP,
which slows them down and they satisfy the super-
novae bound.
FIG. 1: P is the geodesic of all particles, except neutrinos,
while Q is the geodesic of neutrinos. So, light travels a dis-
tance c+ x between A B, while νµ travels a distance c.
• The VEP in the dark matter background changes
because they interact in a different manner com-
pared to interaction of VEP with ordinary matter.
During the propagation of the neutrinos on Earth,
they experience the effect of VEP in the back-
ground of ordinary matter, which gives an EVLI
that can explain the OPERA result. But during the
propagation of the neutrinos from supernovae, they
experience VEP in the dark matter background,
which makes the neutrinos slower explaining the
supernovae bound.
• This solution is similar to that of reference [19],
where a light sterile neutrino is introduced, but
the model is similar to that of reference [14].
We assume the existence of four neutrino states,
ν1, . . . , ν4, three of which have the same maxi-
mum attainable velocity similar to other particles
cν1 = cν2 = cν3 = c = 1, with the fourth having
cν4 ≈ (1 + 2.5 × 10−5)c, because the ν4 conden-
sates explains the dark energy. This fourth neu-
trino is a combination of νµ and a sterile neutrino
νs: ν4 = νµ + ν
c
s ; and has negligible mixing with
νe. After production, muon neutrinos will propa-
gate partly as the fourth physical state ν4 because
its wave function has a large component of ν4. As
a result the velocity of the muon neutrino will ap-
pear to be similar to cν4 , explaining the observation
at OPERA and MINOS. However neutrinos emit-
ted from supernova SN1987A travel mostly as ν1,
with only a small fraction traveling as ν4. Conse-
quently the required constraints from the SN1987A
data are respected.
Comments
It is crucial to repeat the OPERA experiment. Should
its findings be confirmed its implications for the foun-
dation of physics will be profound. We have proposed
what is perhaps the minimal change in this regard: VLI
or VEP implemented in such a way that all neutrino
species have the same effective maximal attainable veloc-
ity. From this perspective the photon moves at a speed
4slower than this maximum. However this cannot be due
to a slightly massive photon. Current upper bounds on
the photon mass range from 10−14 eV to 10−24 eV [20].
Taking the more stringent bound of mγ ∼ 10−24, then
from E =
mc2
max√
1−v2
γ
/c2
max
, we have from E ∼ 17 GeV,
vγ − cmax ∼ 10−68, so cνµ . cmax cannot explain the
OPERA result. The slower photon speed could be due to
an aether whose motion is so tightly correlated with that
of the earth that the stringent anisotropy constraints of
cθ/c < 10
−15 are evaded [21]. This is not unreasonable
if the aether is the condensate dark energy mentioned
above, since (apart from neutrinos) the earth is there-
fore composed of particles that respond to the aether
exactly as the photon does. Yet another possibility is
that the universe is governed by a bi-metric theory, with
all particles coupling to one metric except for neutrinos,
which couple to the other metric whose null rays trace out
light cones with slope c > 1. Neutrinos emitted at high-
enough energy from active galactic nuclei, supernovae,
or some other astrophysical phenomenon, will then yield
Cerenkov-type effects that may be observable.
Summary
To summarize, we have pointed out that the OPERA
data can be consistent with all other experiments if there
there is a maximal speed larger than the speed of light
that only neutrinos can approach. The models we have
proposed satisfy constraints from neutrino oscillation,
SN1987A, and pion decay kinematics, Z-Strahlung, and
are consistent with OPERA/MINOS data. Whether or
not this class of models survives future empirical scrutiny
remains to be seen.
Note Added Many interesting works followed the an-
nouncement of the OPERA result, we mention here a few
of them [22].
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